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Abstract 
Multilevel inverters are well used in high power electronic applications because of their ability to generate a very good quality of 
waveforms, reducing switching frequency, and their low voltage stress across the power devices. This paper presents the Third 
Harmonic Injection Pulse Width Modulation (THIPWM) strategy of a Seven-level Uniform Step Cascaded H-bridge 
Asymmetrical Inverter (7-level USCHBAI). The THIPWM approach is compared to the well-known Sinusoidal PWM (SPWM) 
strategy. Simulation results demonstrate the better performances and technical advantages of the THIPWM controller in feeding a 
High Power Induction Motor (HPIM). 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Euro-Mediterranean Institute for Sustainable Development (EUMISD). 
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1. Introduction 
Inverters are widely used in modern power grids; a great focus is therefore made in different research fields in order 
to develop their performance. Three-level inverters are now conventional apparatus but other topologies have been 
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attempted this last decade for different kinds of applications. Among them, Neutral Point Clamped (NPC) inverters, 
flying capacitors inverters also called imbricated cells, and series connected cells inverters called cascaded H-bridge 
inverters [1-3]. 
This paper is a study about a three-phase multilevel converter based on series connected single phase inverters 
(partial cells) in each phase. A multilevel converter with k partial inverters connected in serial is presented by Fig.1. 
In this configuration, each cell of rank j  1…k is supplied by a dc-voltage source udj. It has been shown that feeding 
partial cells with unequal dc-voltages (asymmetric feeding) increases the number of levels of the generated output 
voltage without any supplemental complexity to the existing topology [4, 5]. These inverters are referred to as 
“Cascaded H-bridge Asymmetrical Multilevel Inverters” or CHBAMI. 
 
 
Fig.1. Three-phase structure of a multilevel converter with k H-bridge inverters series connected per phase 
Some applications such as active power filtering need inverters with high performances [6]. These performances 
are obtained if there are still any harmonics at the output voltages and currents. Different Pulse-Width Modulation 
(PWM) control-techniques have been proposed in order to reduce the residual harmonics at the output and to 
increase the performances of the inverters [7, 8].  The most popular one is probably the Sinusoidal PWM technique 
(SPWM) which shifts the harmonics to high frequencies by using high-frequency carriers [9, 10]. 
To minimize the Total Harmonic Distortion (THD), and to increase the maximum amplitude fundamental of the 
output voltage of the CHBAMI, we have applied the Third Harmonic Injection PWM strategy (THIPWM) [11-13]. 
In this study we compare the SPWM strategy and THIPWM strategy applied to the control of a Seven-level Uniform 
Step Cascaded H-bridge Asymmetrical Inverter (7-level USCHBAI). As well we compare the performances related 
to the association 7-level USCHBAI-HPIM for both strategies. Simulation results demonstrate the better 
performances and technical advantages of the THIPWM controller in feeding a high power induction motor. 
2. Uniform Step Cascaded H-bridge Asymmetrical Multilevel Inverter (USCHBAMI) 
Multilevel inverters generate at the ac-terminal several voltage levels as close as possible to the input signal. Fig. 
2 for example illustrates the N voltage levels us1, us2...usN composing a typical sinusoidal output voltage waveform. 
The output voltage step is defined by the difference between two consecutive voltages. A multilevel converter has a 
uniform or regular voltage step, if the steps ∆u between all voltage levels are equal. In this case the step is equal to 
the smallest dc-voltage, ud1 [14]. This can be expressed by 
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If this is not the case, the converter is called a non uniform step CHBAMI or irregular CHBAMI. An 
USCHBAMI is based on dc-voltage sources to supply the partial cells (inverters) composing its topology which 
respects to the following conditions: 
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where k represents the number of partial cells per phase and j  1... k. The number of levels of the output voltage can 
be deduced from 
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This relationship fundamentally modifies the number of levels generated by the multilevel topology. Indeed, the 
value of N depends on the number of cells per phase and the corresponding supplying dc-voltages. 
 
 
Fig. 2. Typical output voltage waveform of a multilevel inverter 
Equation (3) accepts different solutions. With k  3 for example, there are two possible combinations of supply 
voltages for the partial inverters in order to generate a 13-level global output, i.e., (ud1, ud2, ud3)  (1, 1, 4), (1, 2, 
3), and there are three possible combinations to generate a 15-level global output, i.e., (ud1, ud2, ud3)  (1, 1, 5), (1, 
2, 4), (1, 3, 3). Fig. 3 shows the possible output voltages of the two partial cells of the 7-level USCHBAI with k  
2. The dc-voltages of the two cells are ud1  1p.u. and ud2  2p.u. The output voltages of each partial inverter are 
noted up1 and up2 and can take three different values: up1  -1, 0, 1 and up2  -2, 0, 2. The result is a generated 
output voltage with 7-levels: us  -3, -2, -1, 0, 1, 2, 3. Some levels of the output voltage can be generated by 
different commutation sequences. For example, there are two possible commutation sequences resulting in us  
1p.u.: (up1, up2)  (-1, 2), (1, 0). The dashed lines in Fig. 3 show the commutation sequence (up1, up2)  (1, 0). 
These redundant combinations can be selected in order to optimize the switching process of the inverter [15]. 
These different possibilities offered by the output voltage of the partial inverters, and the redundancies among 
them to deliver a same output voltage level, can be considered as degrees of freedom which can be exploited in 
order to optimize the use of a USCHBAMI. 
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Fig. 3. Possible output voltages of each partial inverter to generate N  7 levels with k  2 cells per phase (ud1  1p.u. and ud2  2p.u) 
3. Multilevel Inverters Control Strategies 
Among several modulation strategies, the multi-carrier sub-harmonic PWM technique has been receiving an 
increasing attention for symmetrical multilevel converters [16]. This modulation method can also be used to control 
asymmetrical multilevel power converters. Other kinds of modulation techniques can also be used in the case of 
CHBAMI. This section presents the both strategies SPWM and THIPWM, these control strategies will be compared 
by computer simulations.  
3.1. Sinusoidal Pulse-Width Modulation (SPWM) 
The SPWM is also known as the multi-carrier PWM because it relies on a comparison between a sinusoidal 
reference waveform and vertically shifted carrier waveforms. N 1 carriers are therefore required to generate N 
levels. The carriers are in continuous bands around the zero reference. They have the same amplitude Ac and the 
same frequency fc. The sine reference waveform has a frequency fr and an amplitude Ar. At each instant, the result of 
the comparison is 1 if the triangular carrier is greater than the reference signal and 0 otherwise. The output of the 
modulator is the sum of the different comparisons which represents the voltage level. The strategy is therefore 
characterized by the two following parameters, respectively called the modulation index and the modulation rate 
[10, 17]: 
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The reference voltages are given as follows: 
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We propose to develop a seven-level uniform step cascaded H-bridge asymmetrical inverter composed of k  2 
partial inverters per phase with the following dc-voltage sources: ud1  1p.u. and ud2  2p.u.. The output voltages upa1 
and upa2 of each partial inverter, the resulting voltage ua for the first phase and its frequency representation are 
presented by Fig. 4 for r  0.85, with m  15 and 16. 
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Fig. 4. Output voltages of each partial inverter, total output voltage ua and its frequency representation of the 7-level USCHBAI 
controlled by the SPWM for m  15 (left) and m  16 (right) 
We note that: 
 For odd m, we have symmetry to , therefore only the odd harmonics exist, for even m, we have any symmetry, 
so there are both, the odd harmonics and the even harmonics; 
 The voltage harmonics are grouped into centered families around multiple frequencies 6mfr. The first centered 
family around the mfr frequency is the most important amplitude; 
 Increasing the modulation index m allows pushing the harmonics to high frequencies and therefore easily filtered 
by the inductance of the induction motor. 
3.2. Third Harmonic Injection Pulse Width Modulation (THIPWM) 
As harmonics with rank multiple three are null for the line-line voltages of three phase inverters, we can then 
inject these harmonics in the reference voltages in order to increase the maximum fundamental amplitude of the 
output voltage of the 7-level USCHBAI. If we only inject the third harmonic with an injection rate , the new 
reference voltages will be: 
rfrcbaitrmaxruriuriu  2  and  ) , ,(   with   )3sin( 	                                                                   (7) 
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To find the optimal value for  allowing u’ra (i  a) to take its maximum value u’rmax, it must that its derivative be 
null: 
0)3cos(3)cos( 	 tututdraud rmaxrrmaxrr                                                                                         (8) 
The solution of equation (8) yields: 
 1219)cos( tr                                                                                                                                   (9) 
The reference voltage u’ra can also be set as follows: 
3))(sin(4)sin()31( tuturau rmaxrrmaxr  	                                                                                           (10) 
Substituting (9) into (10), we get: 
3)12)13((8max  	 maxrurau                                                                                                                (11) 
The optimal value of  rate is equal to the maximum value of u’ramax, such that: 
012)13()3)16((max 	  maxrudraud                                                                                     (12) 
The value   1/3 is excluded because it cancels u’ramax, this leads us to the optimal value of the injection rate   
1/6. 
The corresponding voltage u’ra  urmax(sin(rt) 	 (1/6)sin(rt)) has a zero derivative and is maximum for rt  
/3 or 2/3. (by contrary, for rt  /2, there is a minimum between two maxima). Therefore we get, for rt  /3: 
max0)23( rauu maxr 	                                                                                                                              (13) 
Which gives urmax  1.154u’ramax instead of urmax  u’ramax, an increase of 15.4%. Thus, the fundamental theoretical 
maximum amplitude of the output phase voltages passes urmax with SPWM strategy to 1.154urmax with THIPWM 
strategy. Figure 5 shows the signals required for generating a voltage of a three phase 7-level USCHBAI. 
 
 
Fig. 5. Different signals THIPWM strategy of the 7-level USCHBAI 
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The output voltages upa1 and upa2 of each partial inverter, the resulting voltage ua for the first phase and its 
frequency representation are presented by Fig. 6 for r  0.85, with m  15 and 16. 
 
 
Fig. 6. Output voltages of each partial inverter, total output voltage ua and its frequency representation of the 7-level USCHBAI 
controlled by the THIPWM for m  15 (left) and m  16 (right) 
We note that: 
 For even m, we have symmetry to , therefore only the odd harmonics exist, for odd m, we have any symmetry, 
so there are both, the odd harmonics and the even harmonics; 
 The voltage harmonics are grouped into centered families around multiple frequencies 6mfr. The first centered 
family around the mfr frequency is the most important amplitude; 
 Increasing the modulation index m allows pushing the harmonics to high frequencies and therefore easily filtered 
by the inductance of the induction motor. 
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4. Application of High Power Induction Motor 
In order to evaluate the performance of the proposed approach, a 7-level USCHBAI is used to supply a High 
Power Induction Motor (HPIM). This approach is compared to the SPWM strategy in controlling the 7-level 
USCHBAI. The objective is to use the proposed strategy in order to minimize the harmonics absorbed by the 
induction motor. 
Figures 7 and 8 show the results of a high power induction motor with the following data: rated power Pn  
20MW, rated voltage 5.5kV, stator resistance Rs  0.397, rotor resistance Rr  0.081, stator inductance Ls  
0.0089H, rotor inductance Lr  0.0085H, mutual inductance Lm  0.0082H, number of pole pairs P  2, rotor inertia 
J  1400kg.m2, viscous friction coefficient Kf  0.009Nm.s.rad1. 
Performances obtained with both methods are summarized in Table 1. The analysis of figures and Table 1, show 
that: 
 For THIPWM strategy: decrease 38.24% of THD and increase 15.4% of the fundamental output voltage 
compared to the SPWM strategy, the stator current closer to the sinusoid; 
 For SPWM strategy: the electromagnetic torque continuously oscillates at a frequency f (50Hz), because of the 
harmonics of rank tow which is present in the stator current. The torque oscillates at 2f (100Hz) with the 
THIPWM approach. 
 
 
Fig. 7. Performance of the HPIM fed by a 7-level USCHBAI controlled by the SPWM 
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Fig. 8. Performance of the HPIM fed by a 7-level USCHBAI controlled by the THIPWM 
Table 1. Performances of the control methods. 
Control 
method 
ua 
THD (%) 
Amplitude 
of fund.  
ias 
THD (%) 
fTe 
(Hz) 
∆Te 
(kNm) 
SPWM 20.03 u1 11.21 f 50.23 
THIPWM 12.37 1.154u1 6.50 2f 32.78 
5. Conclusion 
The improved performance of a drive system of an induction motor passes through the choice of a best strategy of 
the control inverter. In this work, we have shown by simulation that the THIPWM strategy presents better 
performances than the SPWM strategy. Indeed, it ensures a highest quality torque, to minimize the current 
harmonics and increase the maximum amplitude of the fundamental output voltage of the 7-level USCHBAI. 
Therefore the choice of this strategy in controlling a uniform step cascaded H-bridge asymmetrical multilevel 
inverter feeding a high power induction motor. 
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